ABSTRACT Over the past several decades, naturally occurring populations of Fraser fir (Abies fraseri) in the Black Mountains of North Carolina have been heavily impacted by both direct and indirect anthropogenic disturbances, including logging and logging-associated fires, and high mortality rates due to the balsam woolly adelgid (Adelges piceae) (BWA). The decline in Fraser fir is worrisome because it serves as a foundation species of the spruce-fir forests of the Southern Appalachian Mountains. Our objectives for this research were to: 1) characterize the current status of Fraser fir trees with respect to potential population decline, as identified by the regenerationmortality hypothesis, by using stand structure and infestation levels, 2) determine the influence of slope, elevation, aspect, and disturbance history on stand structure, mortality, and BWA infestation level, and 3) examine broad trends of Fraser fir cover change caused by BWA over a 60 year period by using repeat aerial photography. We conducted detailed field surveys of Fraser fir trees throughout the Black Mountains using 44 circular plots. Analysis of repeat aerial and ground photographs revealed a decline in Fraser fir cover .60% from 1954 to 1988, followed by regeneration from 1988 to 2006. Our results indicate that Fraser fir stands at higher elevations are currently in a state of recovery, whereas Fraser fir stands at lower elevations have the potential to become increasingly susceptible to BWA-induced mortality in the future. Our results call attention to the significant impact of direct and indirect anthropogenic disturbance upon Fraser fir stand structure, but also provide evidence for the ability of an imperiled ecosystem to recover from such activity.
INTRODUCTION Since the early 1900s, the Black Mountains of western North Carolina have been heavily impacted by both direct and indirect anthropogenic disturbances. Intensive logging (e.g., Lovelace 1994 , Silver 2003 ) and logging-associated fires (Pyle and Schafale 1988) were among the first major human-induced disturbances to directly and dramatically influence this landscape. Acid rain (Bruck et al. 1989 , Aneja et al. 1992 , global climate change (Delcourt and Delcourt 1998) , and the introduction of an exotic pest, the balsam woolly adelgid (Adelges picea Ratz.) (BWA) (Speers 1958) , are among the more recent indirect anthropogenic disturbances that have impacted the Southern Appalachian spruce-fir ecosystem and will likely continue to profoundly impact this ecosystem in the future.
From an ecological perspective, the collective and individual impact of these human disturbances upon the southern Appalachian spruce-fir forests is of particular interest. Conserving and understanding southern Appalachian spruce-fir forests is important because they contain a number of endemic and rare plant and animal species (Smith and Nicholas 1998) , are geographically limited, are valuable aesthetically, and anchor the headwaters of mountain streams (White 1984) . Specifically, Fraser fir [Abies fraseri (Pursh) Poir.], a foundation species of southern Appalachian spruce-fir forests (Ellison et al. 2005) , is of particular concern. Due to the Fraser fir's restricted occurrence in seven disjunct regions in the southern Appalachians (Oosting and Billings 1951, Ramseur 1960) , in North Carolina it is listed as a significantly rare species, federally it is designated as a species of concern, and globally it is considered imperiled and vulnerable to extinction (Franklin and Finnegan 2004) . The decline of Fraser fir has threatened the ecological stability of southern Appalachian spruce-fir forests. Negative consequences associated with Fraser fir decline have already been observed and measured (e.g., Smith 1984 , Harrington 1986 , Rabenbold et al. 1998 , Goelz et al. 1999 .
The majority of logging and logging-associated fires occurred in the Black Mountains between 1912 and 1922 (Pyle and Schafale 1988 . Very few regions of the Black Mountains escaped intensive logging activity, and entire mountainsides were often stripped. Even after the majority of logging activity diminished around 1922, salvage logging of trees downed by wind-throw continued through 1929 (Pyle and Schafale 1988, Hollingsworth and Hain 1991) . Logging-associated fires were capable of burning through soil and litter to a depth of one foot, killing the seed bank of red spruce and Fraser fir (Schwarzkopf 1985) . As a result of logging and logging-associated fires, the present-day spruce-fir forest occupies only 10% to 50% of its original area (Nicholas et al. 1992, Smith and Nicholas 1999) .
Arriving decades after the logging operations ceased, the exotic BWA has caused devastating mortality rates to Fraser fir in the Black Mountains. BWA was first introduced from Europe to Canada sometime prior to 1908. From Canada, BWA spread southward and westward, and it was first observed on Fraser fir trees at Mount Mitchell, a peak within the Black Mountains of North Carolina, in 1957 (Speers 1958) . Amman and Spears (1965) estimated tree mortality in the vicinity of Mount Mitchell to be over 1.5 million trees by 1965-only eight years after the first sighting of BWA. Other Fraser fir populations in the southern Appalachians have also been greatly impacted by BWA-induced mortality (e.g., Dull et al. 1988 , Busing and Clebsch 1988 , Nicholas et al. 1992 .
Regeneration of Fraser fir following BWAinduced mortality has been documented in the Black Mountains and in the Great Smoky Mountains National Park (GSMNP) (Witter and Ragenovich 1986 , Pauley and Clebsch 1990 , Smith and Nicholas 1999 , Jenkins 2003 , Bowers 2005 . However, some researchers have hypothesized that the Fraser fir population could enter into a cycle of ''regenerationmortality'' due to the fact that BWA-induced mortality generally only occurs in Fraser fir trees .4 cm diameter at breast height (DBH); whereas, reproductive size is not generally reached until 15 or 17 cm DBH (Eager 1984) . The inability of Fraser fir saplings to reach reproductive size in each successive generation would ultimately lead to a decrease in population size over time (Smith and Nicholas 2000) . Since Fraser fir regeneration has already occurred in the Black Mountains, another large-scale wave of Fraser fir mortality by individuals of BWA susceptible size could be imminent, if not already in progress.
When studying forest stand dynamics, it is important to consider how abiotic site factors influence stand structure (Walker 1999) . For example, previous research has shown that the structure and dynamics of both undisturbed and disturbed southern Appalachian spruce-fir forests changes with elevation, aspect, and slope (Whittaker 1956 , Crandall 1958 . Elevation in particular has been identified as the most important environmental factor influencing vegetation distribution in spruce-fir forests (Oosting and Billings, Whittaker 1956, Crandall 1958) . Fraser fir is known to increase in importance as elevation increases, with pure stands of Fraser fir occurring at elevations greater than 1890 m (Whittaker 1956 ). In addition to understanding how abiotic factors influence stand struc-ture, the question of how abiotic factors in conjuction with disturbances impact stands is equally important. So far there has been very little information provided concerning how elevation, slope, and aspect might interact with BWA to influence Fraser fir mortality and/or patterns of BWA infestation.
The findings from this study will make important contributions to the literature and potentially to management activities. Foundation tree species, such as Fraser fir, are declining worldwide due to the introduction of exotic pests and pathogens, as well from human activities such as logging (Ellison et al. 2005) . The loss of foundation tree species can drastically influence ecosystem level processes. Understanding how Fraser fir forests have changed over time, as well as their current status, will be important for natural resource managers. Furthermore, no previous studies have used repeat aerial photographs in order to investigate changes in Fraser fir cover across several decades. The use of repeat aerial photographs offers an opportunity to examine longitudinal forest cover changes over a broad area. We identified this gap as an important subject of research attention that will provide a more complete picture of the historical status, in addition to the current status, of Fraser fir trees in the Black Mountains. Finally, few previous studies have presented results related to current BWA infestation levels, and no previous studies have presented data that either support or refute the idea that BWA is more prominent on larger (.4 cm DBH) diameter trees.
The research objectives of this study were to: 1) characterize the current status of Fraser fir trees with respect to potential population decline, as identified by the regenerationmortality hypothesis, by using stand structure and infestation levels, 2) determine the influence of slope, elevation, aspect, and disturbance history on stand structure, mortality, and BWA infestation level, and 3) examine broad trends of Fraser fir cover change caused by BWA over a 60 year period by using repeat aerial photography.
METHODS

Study Area
The Black Mountains form part of the Blue Ridge physiographic province within the Appalachian mountains, and are situated approximately 50 km northeast of Asheville, North Carolina (35.76uN, 82.27uW) (Figure 1) . The Black Mountains span a 19 km stretch of north to south oriented peaks, many of which exceed elevations of 1,830 m. Mount Mitchell (2,039 m), the highest peak east of the Mississippi River, is included in this range (Schwarzkopf 1985) . Approximately 2,914 ha of spruce-fir forest, or about 11% of the spruce-fir type within the southern Appalachians, occur along the highest elevations of the Black Mountains (Dull et al. 1988, Hollingsworth and Hain 1991) .
Field Methods
We used vegetation sampling in order to address research objectives 1 and 2. We sampled in an area bounded by Cattail Peak in the north, Potato Knob in the south, Big Tom Wilson Preserve in the west, and Commissary Hill in the east (Figure 1 ) from June through September 2008. Initially, we generated 300 random point locations within the study area. We sampled forty-four of the 300 points because they represented three elevation strata (1,645-1,767 m, 1,768-1,889 m, and .1,890 m), several historical disturbance types, and were relatively accessible. Red spruce and Fraser fir are dominant from approximately 1,675-1,890 m, and above 1,890 m Fraser fir dominates (Whittaker 1956) . Therefore, we designated the first two elevation classes to represent the 'lower' and 'upper' bounds of spruce-fir forest, and the third elevation stratum to represent pure stands of Fraser fir. We obtained historical disturbance types from a disturbance history map of the spruce-fir zone in the Black Mountains that was scanned and manually digitized (Pyle and Schafale 1988) (Table 1 ). The primary difference between Disturbance Class 1 and Disturbance Class 3 is that Disturbance Class 3 was not logged burned prior to 1916, whereas Disturbance Class 1 was not likely logged or burned either, but that disturbance status could not be determined for sure (hence the ''unknown disturbance''). We avoided points that fell in locations that were inaccessible due to steep slopes (.50u) or dangerous terrain (i.e., rock cliffs). We uploaded the geographic coordinates of the selected points into a GarminH GPS receiver and then located them in the field using GPS navigation.
We delineated boundaries for vegetation sampling by using fixed-radius circular plots (227 m 2 ). We used the x,y coordinate of the random point as the centroid of each plot (sensu Nicholas et al. 1992, Smith and Nicholas 2000) . At higher elevations, where pure Fraser fir stands are extremely dense, we used smaller plot sizes (28 m 2 and 64 m 2 , respectively). Since Fraser fir increases in density with elevation in our study area, using a smaller plot at high elevations captured sample sizes comparable to those of the larger plots at lower elevations. We felt this sampling technique would not be biased because our results were based on plot proportions rather than plot counts. Therefore, we used a 28 m 2 plot when tree density exceeded 2 trees/m 2 , a 64 m 2 plot when tree density was between 1 tree/m 2 and 2 trees/m 2 , and a 227 m 2 plot when tree density was less than 1 tree/m 2 . We recorded elevation (m), slope (u), and aspect (u) at each plot's centroid. After field work, we assigned each plot to a slope and aspect class in addition to its previously determined elevation and disturbance class (Table 1) .
Within each plot, we measured diameter at breast height (1.37 m) for both dead and live standing Fraser fir trees. Trees ,1.37 m in height were not measured, but they were counted. We grouped Fraser fir diameter measurements into two classes: ',4.0 cm' and '$4.0 cm'. We selected these two classes because previous research has stated that Fraser fir trees ,4 cm DBH are generally unaffected by BWA mortality (Eager 1984) .
We determined the proportion of Fraser fir mortality at the plot level based on a visual inspection of crown condition (live versus dead). We classified a Fraser fir as ''dead'' if at least 90% of the canopy foliage was dead. Only standing dead Fraser firs were included in the mortality count.
As an indication of the health of live Fraser fir, we recorded whether or not a tree was infested by BWA. We also visually classified trees according to the degree of BWA infestation based on the following criteria: tree boles were categorized as having either minimal (,0.5%-1% of bole), light (2%-19% of bole), moderate (20-49% of bole), or heavy (.50% of bole) infestation.
Statistical Analysis
We tested all data for normality, and data transformations (arcsine square root or logarithmic) were used when necessary (Zar 1999) . We used one-way analysis of variance (ANOVA), or Welch's ANOVA, to investigate the significance of elevation class, aspect class, slope class, and disturbance class on the mean proportion of mortality per plot, the mean live and dead DBH per plot, and the mean proportion of BWA infestation classes per plot. In order to examine the interaction of elevation and aspect classes with respect to proportion of mortality at the plot level, we used a two-way ANOVA. We used Tukey's multiple comparison test for all post hoc analyses. A Wilcoxon test was used to compare the mean DBH of live trees versus dead trees $4 cm and to compare the mean DBH of infested versus un-infested Fraser fir since DBH measurements were not normally distributed. All statistical procedures were performed in JMP version 7.0 (SAS Institute Inc., Cary, North Carolina. 1987 ). We evaluated significance at the 0.05 level.
Analysis of Repeat Aerial Photography
We obtained repeat aerial photographs of the Black Mountains representing a span of 60 years and analyzed them in order to address our third research objective, which was to visualize broad scale trends of Fraser fir cover change caused by the BWA. We used the following panchromatic aerial photographs We delineated a region of interest (ROI) to perform the analysis of Fraser fir cover change across the four aerial photographs (Figure 2) . In order to choose the ROI, we consulted a disturbance history map of the Black Mountains (Pyle and Schafale 1988) , and we selected a region where BWA had been the only known anthropogenic disturbance factor. Because the goal was to investigate change in Fraser fir area caused by BWA, the choice of this ROI ruled out other disturbance factors that could have confounded the results.
We obtained repeat historical ground photographs depicting the section of the ROI north of Mount Mitchell from Mount Mitchell State Park. The ground photographs allowed us to validate changes depicted on the aerial photographs. We designated sub-regions on the ground and aerial pairs, labeled 'A' and 'B', in order to describe change in Fraser fir forest caused by the BWA.
We manually digitized Fraser fir stands within the ROI that had 60% or greater canopy in ArcGIS for each of the aerial photographs obtained for this study. We used a manual approach because the photographs had varying spectral representations of the same features, different spatial resolutions, and heavy shadowing (Baker et al. 1995 , Philipson 1997 . We totaled the area (ha) of the Fraser fir stands .60% for each year, and these values enabled us to identify changes in Fraser fir forest cover due to the BWA from 1954 to 2006.
RESULTS
Field Study
Our first objective was to characterize the current status of Fraser fir trees with respect to potential population decline, as identified by the regeneration-mortality hypothesis, by using stand structure and infestation levels. Despite observing BWA in nearly every plot sampled (Table 2) , the diameter distribution of live Fraser fir indicates that it is reproducing abundantly (Figure 3) . Such a diameter distribution does not indicate population decline. Fraser fir population decline resulting from BWA-induced mortality would be indicated by extensive overstory mortality, whereas our results indicate that the number of live individuals exceeds the number of dead individuals in the larger diameter classes (Figure 3) . Additionally, the diameter distribution of dead Fraser fir trees is comprised mainly of trees ,4 cm DBH, which is the size considered less susceptible to BWA-induced mortality.
We found that the mean DBH of live Fraser fir (x 5 9.89 cm 6 7.49) exceeds the mean DBH of dead Fraser fir (x 5 5.44 cm 6 4.76) (Z 5 214.43, p , 0.0001), which again signals that widespread overstory mortality is not in progress.
With respect to BWA infestation, Fraser fir trees infested with BWA are larger (11.54 6 0.47 cm) than Fraser fir not infested with BWA (8.54 6 0.5 cm) (Z 5 24.56, p , 0.0001). Our results indicate that larger trees are more likely to be infested with BWA than smaller trees.
Our second objective was to determine how slope, elevation, aspect, and past disturbance influence the stand structure, mortality, and BWA infestation level of Fraser fir. We found that Fraser fir DBH differs among disturbance classes (F 5 2.889, p , 0.05) and among elevation classes (F 5 4.30, p , 0.05). Specifically, stands with unknown disturbances had greater DBH (11.96 cm 6 1.56) than cantly different among slope, aspect, or disturbance classes.
We analyzed the influence of elevation on Fraser fir mortality further based on tree size (',4 cm DBH' and '.4 cm DBH'). Mortality is influenced by elevation class for trees ,4 cm DBH (F 5 11.34, p , 0.0001), but not for trees .4 cm DBH (p 5 0.39). The mortality of trees ,4 cm DBH is greatest at high elevations (.1,890 m) (0.18 6 0.19) (Figure 7) .
Although aspect alone did not significantly influence mortality, we were interested in examining the interaction of elevation and aspect with respect to Fraser fir mortality since previous studies have shown aspect to be an important factor influencing Fraser fir mortality (Nicholas et al. 1992 ). The interaction of elevation and aspect significantly influences Fraser fir mortality (F 5 4.02, p , 0.01). Specifically, at high elevations (.1,890 m) mortality is greatest on northeast and northwest aspects (Figure 8 ). Alternatively, at low elevations (1,645-1,767 m), mortality is greatest on southeast aspects (Figure 8 ). In general, mid elevations (1,768-1,889 m) have lower mortality at all aspects than the high and low elevations (Figure 8 ). The degree to which Fraser fir stands are infested with BWA is not significantly influenced by elevation, aspect, slope, or disturbance history. Although not statistically significant, we noted that 'heavily' infested trees tended to occur at low elevations (1,645-1,767 m).
Repeat Aerial Photography
Our third objective was to examine broad trends of Fraser fir cover change caused by BWA over a 60 year period by using repeat aerial photography. The total area of Fraser fir forest cover .60% within the ROI was 1,401 ha in 1954, 1,306 ha in 1964, 616 ha in 1988, and 738 ha in 2006 (Figure 9 ). The reduction in Fraser fir cover .60% from 1954 to 1988 occurred largely at the lower elevations within the ROI, while the higher elevation locations (usually along the ridgetops) remained fairly intact over the time period examined.
In addition to changes caused by BWA, the repeat historical ground photographs afforded greater insights into changes caused by human disturbances. For example, region 'A' on the 1969 ground photograph (Figure 10) depicts a large open patch in Fraser fir cover that likely resulted from windthrow that likely originated at a lower elevation and advanced upslope. In the Black Mountains, logging and fires at lower elevations often exposed forest edges to high winds, initiating the windthrow process (Schwarzkopf 1985) . By following the open patch highlighted in region 'A' through the series of ground photographs, the windthrow patch advances upslope until it reaches the ridgeline (c.f. 1989). The windthrow patch is subsequently filled in by Fraser fir regeneration (c.f. 1996) that advances to the overstory (c.f. 2009) (Figures 11-14) .
Region 'B' on the ground photographs depicts changes in forest cover that we attribute primarily to BWA-induced mortality of Fraser fir. Between 1969 and , an increase in the number of dead Fraser fir trees in region 'B' is observed (Figures 10-12 ). By 1988, the mortality is particularly widespread (Figure 12 ). By 1996, many of the tree skeletons have been replaced by Fraser fir regeneration in the understory (Figure 13 ). Finally, in 2009, the Fraser fir regeneration has advanced to the overstory, with a few tree skeletons still visible (Figure 14) .
DISCUSSION
Fraser Fir Decline Scenario and Regeneration-Mortality Hypothesis
Perhaps one of the most important results from this research is that at this time Fraser fir is recovering at high elevations despite the presence of BWA. Evidence for recovery of Fraser fir at high elevations is found in both overstory and understory Fraser fir. With respect to the understory, mortality across all size classes was most prevalent in Fraser fir trees ,4 cm DBH (Figure 3) . Mortality of Fraser fir within this size category is likely a result of competition for limited resources. The majority of seedlings produced by a mature tree do not survive long enough to reach canopy position. Rather, they typically die as a result of their inability to compete for water, nutrients, or space, which is known as self-thinning (Mohler et al. 1978, Peet and Christensen 1987) . Though we did observe BWA infestation on some Fraser fir trees ,4 cm DBH, BWA does not tend to cause mortality in trees of this size because they have smoother bark that is prohibitive to BWA feeding (Eager 1984) . Recovery of Fraser fir is also evident by examining mortality of the Fraser fir overstory. Despite a propensity for larger diameter trees to be infested with BWA, widespread overstory mortality of Fraser fir is not in progress at this time (Figure 3 ). Altogether these results suggest that Fraser fir is returning to natural stand dynamics, which is in opposition to what was suggested by the regeneration-mortality hypothesis.
Why are Fraser fir trees of susceptible size not presently succumbing on a large-scale to BWA within the Black Mountains? Though we are not certain of the specific reason, we speculate that the reason could be either environmental or a genetic, or both. Trees that are subject to environmental stress often undergo physiological changes that predispose them to damaging insects (Hain 1987) . Hain and Arthur (1985) hypothesized that atmospheric pollutants may have predisposed Fraser fir to BWA-induced mortality. If the level of atmospheric pollutants has decreased in the Black Mountains within the last couple of decades, this release may have allowed tree vigor and resistance to improve. In addition to atmospheric pollutants, there are a host of other factors that could cause tree stress, including nutrient deficiencies and soil erosion (Hain 1987) . Certainly the intensive logging and logging-associated fires that the region experienced in the early 1900s caused soil erosion as well as disrupted the over-all ecological stability of the spruce-fir forests. As more time passes since the area was impacted by logging and logging associated fire, recovery of landscape from the negative consequences of these land use practices becomes increasingly likely. Regardless of the source, any reduction of environmental tress would be beneficial and perhaps allow an increase in Fraser fir resistance to BWA.
Another possible hypothesis for Fraser fir recovery is that some present-day individuals within the Black Mountains possess a genetic resistance that precludes BWA-induced mortality. Fraser fir trees at Mount Rogers have shown some resistance to BWA (Eager 1984) . Specifically, Hollingsworth and Hain (1991) observed that BWA infestation of Fraser fir at Mount Rogers induced outer bark formation, which leads to tree recovery. Although this outer bark formation has yet to be formally observed at any other Fraser fir sites, it has been speculated that resistant individuals could exist in other locations besides Mount Rogers (Smith and Nicholas 2000) . At its peak, Fraser fir mortality in the Black Mountains was as high as 95-98 percent in spruce- fir forests and 83 percent in the pure fir stands (Witter and Ragenovich 1986) . Despite such catastrophic mortality, there were some trees that were able to survive infestation, and perhaps they possessed some form of genetic resistance similar to the Mount Rogers population. Seed from such genetically resistant individuals would have regenerated in a relatively open understory, and saplings would have grown rapidly, possibly even reaching reproductive maturity at a younger age than prior to BWA infestation (Smith and Nicholas 2000) . While a thorough genetic investigation is beyond the scope of this research, in the future genetic studies of Fraser fir in the Black Mountains may provide important insights into their continued survival.
It is quite possible that survival of BWAsusceptible Fraser fir could be a combination of both environmental and genetic factors discussed above. At this time it is not possible to pinpoint an exact explanation, but it is obvious that future monitoring and additional research will be necessary in elucidating the causal factors for continued Fraser fir survival.
Our results compare similarly to results from other studies on Fraser fir regeneration in the Black Mountains and GSMNP. For example, Bowers (2005) suggested that a shift is occurring toward the stable, uneven aged stands that were likely found in the Black Mountains several decades ago, prior to major disturbance. Similarly, Lusk et al. (2010) determined that Fraser fir is once again returning to dominance in the canopy of the fir forest type and to co-dominance in the spruce-fir forest type of the Black Mountains. Within the GSMNP, Moore et al. (2008) found no evidence to support the extinction of Fraser fir. However, Moore et al. indicated that Fraser fir would continue to recover, but only until the next imminent wave of BWAinduced mortality arrived. In the future it will be important to continue to monitor not only Fraser fir in the Black Mountains and GSMNP, but also the other Fraser fir populations that have hereto received relatively little research attention, in order to determine whether or not the recovery trend found in the Black Mountains holds across all populations.
The apparent Fraser fir recovery scenario is quite different from the outcome of other foundation tree species that are and have been threatened by exotic pests and pathogens. For example, within the Appalachians almost all stems of American chestnut (Castanea dentata) were killed by chestnut blight (Cryphonectria parasitica), and the blight continues to cause dieback of most chestnut sprouts once they reach a certain size (Griffin 2000) . The hemlock woolly adelgid (Adelgid tsugae) (HWA), unlike chestnut blight and BWA which typically cause mortality only in larger diameter trees, attacks all size classes of Eastern and Carolina hemlock (Tsuga canadensis and T. caroliniana) (Orwig et al. 2002) . The HWA has already caused widespread decline in hemlock, and it is possible that the hemlock could functionally disappear from eastern forests in the next several decades (Ellison et al. 2005) . Throughout high elevation areas in the Rocky Mountains of Wyoming, Montana, Idaho, and Alberta, Whitebark pine (Pinus albicaulis) is declining due to the combined effects of an introduced pathogen, Cronartium ribicola, a native bark beetle, Dendroctonus ponderosae, and fire suppression policies (Kendall and Keane 2001) . In light of the fate of these other tree species, the recovery of Fraser fir provides a rare and important example of a foundation species that is able to recover from an invasive pest.
Despite the over-all pattern of recovery we have seen, we expect that the BWA will continue to be a disturbance factor in the Black Mountains in the years to come, since there are Fraser fir trees still succumbing to mortality at this time. However, if current conditions hold, we expect mortality to be patchy in nature, as it is now, rather than a widespread wave as was predicted by the regeneration-mortality hypothesis.
The Impact of Elevation, Slope, Aspect, and Past Land Use on Stand Structure, Mortality, and Infestation
Of the variables examined, the stand structure of live Fraser fir was most influenced by elevation and disturbance type. The largest trees were found at the highest elevations where logging and fire did not likely occur. These results agree with assessments of tree size in an undisturbed GSMNP spruce-fir forest, where maximum tree size increased with elevation (Whittaker 1956) . Similarly, Nicholas et al. (1992) found that the distribution of spruce-fir basal area was skewed toward stem diameters ,45 cm DBH in logged regions of the Black Mountains, whereas the distribution of spruce-fir basal area in unlogged areas of GSMNP was skewed towards stem diameters .45 cm DBH. These results reinforce both the idea that elevation is a major driver of Fraser fir stand structure and that human disturbance has profoundly impacted the Black Mountains over the past several decades. In general, the highest elevations (.1,890 m) appear to provide important habitat for Fraser fir and likely provide the most suitable conditions for growth.
We found that at high elevations, mortality is more prevalent in the northwest and northeast aspect classes. At low elevations, however, mortality is more prevalent in the southeast and southwest aspect classes, and much lower in the northeast aspect class. These high mortality locations likely represent the extremes of Fraser fir's ecological niche. High elevations in the northwest receive the coldest temperatures, rime ice, strong winds, and, in previous decades, increased levels of atmospheric deposition Zedaker 1989, Aneja et al. 1992) . Low elevation locations in the southeast and southwest are more sheltered and receive the warmest temperatures of the Fraser fir population in the Black Mountains. Lower elevations may also be especially susceptible to BWA infestation since warmer temperatures facilitate the reproductive potential of the insect (Eager 1984 , Dale et al. 1991 . As mentioned previously, conditions at either extreme could amplify the stress of trees that are suffering from BWA infestation and cause an increase in mortality (Hain 1987 , Wargo 1996 . These findings have important management implications because they highlight locations within the Black Mountains where Fraser fir appear to be most susceptible to BWA-induced mortality at this time.
Presence and degree of BWA infestation were not influenced by elevation, slope, aspect, or past disturbance history. Exploration of other variables, such as climate, that might influence infestation, or how infestation might vary from year to year, would be valuable for future research, especially in light of our observation that more heavily infested trees tended to occur at lower elevations. Considering ongoing global climate change, Fraser fir at lower elevations may be at increased risk for BWA-induced mortality not only because warmer temperatures facilitate the reproduction of the insect, but also because these conditions could place increased stress on Fraser fir. The inclusion of climate variables would be useful for understanding how weather patterns might influence infestation patterns from year to year. Additionally, the use of landscape metrics might be a useful approach in understanding patterns of BWA infestation across the landscape. Understanding how the spatial structure (i.e., configuration and composition) of Fraser fir stands might influence BWA infestation patterns would be an important component of future research studies since pathogens can regulate, and in turn are regulated by, patterns and processes within forest ecosystems (Castello et al. 1995) .
Repeat Aerial Photography
The patch of wind-throw featured in the 1954, 1964, and 1988 photographs likely originated from logging activities further down-slope during the 1920s. The western side of Mount Craig was logged and burned at its lower elevations (Pyle and Schafale 1988) . Logging and fire would have opened up the forest edge, allowing for trees to be more easily blown down by winds. Wind-throw is known to occur following cutting of mature forest, especially along boundaries of areas that have been clearcut (Alexander 1964) . The upslope migration of the wind-throw patch seen in the photographs, and the simultaneous regeneration of trees behind it, is very similar in nature to the ''fir waves'' that have been described in northern Appalachian spruce-fir forests (Sprugel 1976) . Fir waves can be described as an upslope wave-like movement of tree death that occurs on an exposed slope which is followed by tree regeneration behind the dieback zone (Sprugel 1976, Reiners and Lang 1979) . While the phenomenon seen here cannot be considered a true ''fir wave,'' since fir waves result from natural disturbance rather than human disturbance such as logging, the dynamics associated with the two phenomena are very similar.
Forest changes associated with the BWA can also be detected in the photo sequence. The changes in these photographs in relation to the BWA are centered within an area north of the Mount Mitchell parking lot (Region B). BWA-induced mortality first becomes evident in the 1964 photo pair. Mortality peaks in the late 1980s, and is followed by regeneration seen in the 1996 ground photograph. Although some standing dead tree skeletons are still in the 2009 ground photograph, there are no new outbreaks of major mortality, which provides further evidence for recovery of high elevation forests, at least within the area captured by these photographs. The trends seen in these photographs correspond to what researchers have reported on the ground (Amman and Spears 1965 , Aldrich and Drooz 1967 , Nicholas et al. 1992 , Bowers 2005 , Lusk et al. 2010 .
Our forest cover change analysis is useful in understanding spatial patterns of Fraser fir stand changes associated with BWA. Allen and Kupfer (2001) used tassle-cap indices, Landsat TM digital data, and change-vector analysis to study initial dispersal of the BWA in GSMNP to show how elevation and moisture gradients influenced infestation and could potentially influence regeneration. They concluded that BWA moved upslope and from east to west over time in GSMNP. We found that Fraser fir cover .60% retreated in an upslope direction from 1954 to 1988 within our ROI (Figure 9 ), indicating that high elevations act as refugia for Fraser fir.
As with any photo interpretation, error is inherent and is something that must be addressed for our study (Morgan et al. 2010) . Large RMSE's (positional errors), associated with georeferencing of the 1954 and 1964 photographs, is one main concern. These registration errors likely influenced both the positional accuracy and calculations of Fraser fir cover area .60%. While we would have hoped for higher registration accuracy, we were very limited in the number of reliable control points we could obtain on the photographs due to the fact that our ROI was largely undeveloped and located within extremely rugged terrain (Baker et al. 1995) . Despite registration errors and the potential for bias in manual delineation, our results are still useful for addressing broad trends in Fraser fir cover change over the time period.
SUMMARY Our results indicate that widespread overstory mortality of Fraser fir is not in progress at this time in the Black Mountains, despite an abundance of BWA. Contrary to the regeneration-mortality hypothesis, our data suggest that high elevation stands of Fraser fir are in a process of recovery. However, some uncertainty remains concerning the fate of low elevation stands of Fraser fir due to the role that global climate change may play in removing suitable Fraser fir habitat and causing warmer temperatures favorable for BWA reproduction. Elevation and land use type strongly influence stand characteristics and mortality, illustrating the complex interaction that exists between anthropogenic influence and a geographical variable in shaping the landscape. Increases in Fraser fir cover .60% within our ROI in 2006 support our conclusion of forest recovery at high elevations. Future research and monitoring of Fraser fir mortality will be important. If current conditions hold, the BWA will likely continue to be a disturbance factor in the Black Mountains, but it will likely cause patchy mortality rather than widespread devastation. However, future climate change has the potential not only to remove suitable habitat for Fraser fir but also accelerate BWAinduced mortality. 
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